We have fabricated a copper-doped germanium laser using copper diffusion into commercially available pure germanium. The spectrum and the emission pulses of this laser were investigated. Active mode locking was achieved with pulse lengths of 160 ps at full width half maximum. The current Ge:Cu laser does not yet reach the performance of an earlier studied Ge:Ga laser although mode-locked Ge:Cu lasers promise much shorter pulse lengths and wavelength tunable pulses due to the absence of acceptor related absorption. Possibilities to optimize the laser will be discussed.
The p-Ge hot hole laser is a solid state laser with a strong and tunable terahertz emission. The acceleration of holes in crossed electric ͑E͒ and magnetic ͑B ͒ fields at cryogenic temperatures leads to a population inversion, either between the light-and heavy hole band ͑intervalence band lasing͒, or between subsequent light hole Landau levels ͑cy-clotron resonance lasing͒. We have recently shown that mode-locked operation of this laser can be achieved by applying a radio frequency ͑rf͒ electric field parallel to B at half the cavity round trip frequency. Quasi monochromatic THz pulses as short as 60 ps have been created with that technique. 1, 2 Most p-Ge laser investigations have been performed on crystals doped with the single acceptor Ga. However, due to the low ionization energy of gallium in germanium ͑11.3 meV͒, the absorption between ground-and bound excited acceptor states leads to a gap in the laser emission around 75 cm Ϫ1 ͑133 m͒. Moreover, it has been proposed that certain emission wavelengths are related to the presence of those levels which therefore interfere with easy wavelength tunability. 3 Possibly the time and wavelength dependence of the intensity during a laser pulse, a phenomenon that was found to complicate the production of reliable mode-locked pulse trains, 2 may very well have the same origin. To avoid the gap in the emission spectrum, germanium laser material doped with the double acceptors beryllium and zinc and the triple acceptor copper was developed. 4, 5 These acceptors have ionization energies which are larger than the highest emission energy of the Ge laser so that generated photons in the valence band are not absorbed or affected by possible acceptor related optical transitions.
Ge:Be laser material might be the best laser material but it has to be grown by the Czochralski technique. In contrast, copper can be introduced by simple diffusion into pure germanium so that we can easily fabricate lasers with many different sizes and concentrations. That offers a good opportunity for a detailed optimization study of this laser for ͑quasi-͒ CW as well as for mode-locked operation.
As starting material we have used a 5 mm thick slicecut perpendicularly to ͑100͒-of Czochralski-grown ultrapure germanium from Union Minière Electro-Optical Materials, with a dislocation density of less than 3000 per cm 2 and a p-type impurity concentration below 10 12 cm 3 ; the doping compensation is unknown. For the fabrication of doped samples at Delft University, we followed the recipe given in reference. 5 A 5ϫ7ϫ50 mm sample was made, the same size as a Ge:Ga sample which was earlier used in mode-locking experiments.
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The copper diffusion was performed at 700°C for 24 h, because our Hall measurements on small samples showed that in that case the resulting copper concentration, after rapid quenching of the crystal to room temperature, would be about 1.5ϫ10 15 cm Ϫ3 . Such a copper concentration will lead to a free hole concentration under lasing conditions of about 10 14 cm 3 , i.e., about 7% of the Cu density. 5 After diffusion, the sample was polish etched and the 5ϫ7 mm end faces were made parallel to each other within 30 arc sec.
Before implantation, pieces of a silicon wafer were placed on the crystal to protect the optically polished surfaces and to define the electrical contact areas. The high voltage ͑HV͒ excitation contacts, covering the full 5ϫ50 mm sides and the 1ϫ10 mm modulation contacts at the 7ϫ50 mm surfaces, were made from 400 nm gold on 20 nm palladium ͑Delft Institute of microelectronics and submicron technology, DIMES͒, after boron implantation (1ϫ10 14 cm Ϫ2 at 33 keV and 2ϫ10 14 cm Ϫ2 at 50 keV; Core Systems, Santa Clara, CA, USA͒. In order to remove implantation damage and activate the boron acceptors the samples were given a post-implantation anneal. Copper wires were soldered on the contact areas with indium.
The laser crystal is mounted in a cryostat with a tail window and immersed in liquid. Two flat gold mirrors, evaporated on quartz substrates, are pressed against the end faces and isolated from the crystal by 10 m Teflon® films to form a simple cavity. The crystal is studied in the Voigt configuration, i.e., both E ʈ (011) and B ʈ (100) are perpen- The diameter of one of the cavity mirrors is smaller than the end face, so light, leaking out alongside this mirror through the cryostat window, can be detected. Instead of this small mirror, a capacitive mesh on a Ge substrate is often used 6 to enable emission across the full cross section of the laser end face.
The magnetic field, generated by a homogeneous electromagnet with a maximum field of 1.3 T, can be rotated with respect to E to optimize lasing conditions. Both the HV excitation and the rf modulation field are applied in pulses of a few microseconds length to avoid excessive heating of the crystal. The THz emission is studied using either a relatively slow pyroelectric detector or a very fast GaAs/AlGaAs heterostructure detector. 7 The signals are monitored with a 500 MHz or with a single shot 6 GHz bandwidth oscilloscope.
This laser crystal has been characterized by inspecting its properties under normal, ''long '' pulsed, operation. In Fig. 1 , the E-B field region is shown for which stimulated emission is observed for a cavity with the mesh outcoupler. The intensity contours have been measured with a pyroelectric detector. With the mirror outcoupler, the emission region is smaller just as earlier found for the Ge:Ga laser. 6 The intensity maxima originate probably from the wavelength dependent reflectivity of the mesh which has a maximum value near 100 m, the emission wavelength at Bϭ1 T. The E/B ratio for the emission region agrees with expectations. 5 In Fig. 2 , emission spectra with a resolution of about 2 cm Ϫ1 , determined with a reflective grating, are shown for a few B fields. With increasing B field, we find that the spectrum shifts to shorter wavelengths as is known for Ge:Cu lasers. 5 However, a second broad peak appears for the highest magnetic field. This behavior can be explained by the Landau level structure. The upper light hole Landau levels, which define the upper laser levels in the spectra at lower magnetic fields, approach the optical phonon energy so that their lifetime is significantly reduced. The laser emission switches over to another upper set of light hole Landau levels below the optical phonon energy and a second peak at longer wavelength appears. 8 The emission is broad and arises from intervalence band transitions, in contrast to specially crystallographically orientated cyclotron resonance germanium lasers which only involve two light hole Landau levels which leads to a narrow emission line.
From the few-broadband-time resolved experiments performed so far, some conclusions on the time-and wavelength dependent emission of this laser can be drawn. The peculiar, but typical, pulse shape in Fig. 3 , showing an intensity minimum, strongly resembles those observed in the Ge:Ga laser and suggests that also in this Ge:Cu system a change in the emission wavelength during the laser pulse occurs.
The intensity variation on a 25 ns time scale originates from beating between different transverse laser modes. This Ge:Cu laser clearly shows similar properties as our Ge:Ga laser even though the performance in this first series of experiments is not as high. Although hole concentrations under lasing conditions are quite comparable, in general it is found that the time delay between the HV excitation and the laser action is larger, the small signal gain is smaller and the maximum pulse duration is shorter. By applying a rf electric field to the modulation contacts at half the cavity round-trip frequency ͑382 MHz͒, the laser gain is modulated at the ͑full͒ round-trip frequency, a necessary prerequisite for mode locking. In these experiments, we have succeeded in operating this laser under mode-locking conditions. In Fig. 4 , a typical result of the optical output is given. A train of pulses at 1.3 ns intervals, corresponding to the cavity round-trip time, is observed. It should be noted that the smaller pulses in between the main pulses are ''electronic echos,'' an artifact of the detector used. The shortest pulse length produced so far has a full width half maximum of about 160 ps. This shortest pulse length is longer than those found in the Ge:Ga laser. 
